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INTRODUCTION 

The r e sea rch  summarized h e r e i n  w a s  begun on February 1, 1980 

and had a two-fold objective: 

1. The development of a computa t iona l ly-v iab le  model des- 

c r i b i n g  t h e  i n t e r a c t i o n  between f luid-mechanical  t u rbu lence  and 

fhi te-rate  combustion r e a c t i o n s ,  p r i n c i p a l l y  i n  high-speed 

f l o w s ;  and 

2 .  The development of chemical k i n e t i c  mechanisms, complete 

and g l o b a l ,  d e s c r i b i n g  t h e  f i n i t e  rate r e a c t i o n  of f u e l s  of 

i n t e r e s t  t o  NASA w i t h  a i r .  These f u e l s  i nc luded  p r i n c i p a l l y  

hydrogen and s i l a n e ,  although a l i m i t e d  amount of work invo lved  

hydrocarbon f u e l s  as w e l l .  

During t h e  course  of t h i s  r e s e a r c h ,  a number of e x t e r n a l  

p u b l i c a t i o n s  w e r e  i s s u e d  which d e s c r i b e  t h e  work accomplished i n  

s u b s t a n t i a l  d e t a i l .  As a r e s u l t ,  i n  t h i s  F i n a l  Report  r e l a t i v e l y  

l i t t l e  emphasis w i l l  be placed upon t h e  accomplishments adequate ly  

d e s c r i b e d  elsewhere.  In s t ead ,  o u r  emphasis he re  w i l l  be upon 

a s p e c t s  of t h e  work n o t  adequately d e s c r i b e d  i n  t h e  open l i t e r a t u r e .  



THE TURBULENCE - REACTION CHEMISTRY INTERACTION MODEL 

T h i s  model is  desc r ibed  i n  s u b s t a n t i a l  d e t a i l  i n  references 

1 and 2 and is summarized i n  r e f e r e n c e  3. B a s i c a l l y ,  t h e  model 

i s  of t h e  "assumed pdf"  type  i n  which t u r b u l e n t  mean r e a c t i o n  

rate terms are expressed  i n  t h e  form 

is t h e  forward r e a c t i o n  r a t e  c o e f f i c i e n t  for  f , i  
i n  which k 

a p a r t i c u l a r  r e a c t i o n  i n  a k i n e t i c  mechanism, p (T) is t h e  

p r o b a b i l i t y  dens i ty  f u n c t i o n  (pd f )  of t h e  t empera tu re ,  C a r e  

s p e c i e s  c o n c e n t r a t i o n s ,  and p (CA 

these concen t r a t ions .  Non-dimensionalizing t h e  tempera ture  

and s p e c i e s  concen t r a t ions  and i n t r o d u c i n g  the  Arrhenius  equa- 

t i o n  for  kf i u l t i m a t e l y  leads t o  

A j  

is t h e  j o i n t  pdf of C )  1' A2 

( r e f s .  l - 3) 
I 

i n  which Z t  is termed a tempera ture  a m p l i f i c a t i o n  r a t i o  and 

i s  t h e  spec ie s  a m p l i f i c a t i o n  r a t i o .  Ex tens ive  work w i t h  a 'r 
number of temperature  p d f ' s  r e v e a l e d  t h a t  va lues  of 2 are t 



. 
relatAve1y i n s e n s i t i v e  t o  i t s  s e l e c t i o n ;  hence,  t h e  computa t iona l ly  

simple beta pdf was recommended for use. 

(two-variable pd f l  r e q u i r e d  f o r  t h e  de t e rmina t ion  of Zr is t h e  

mos t  l i k e l y  pdf.  

i n d i c a t i n g  t h a t  Z t  always exceeds u n i t y ,  

t h e  t u r b u l e n t  tempera ture  f l u c t u a t i o n s  is t o  i n c r e a s e  t h e  r e a c t i o n  

rate c o e f f i c i e n t s .  

The recommended j o i n t  

T y p i c a l l y ,  Z t  v a l u e s  appear  as i n  F igs .  1 and 2 ,  

Hence, t h e  effect o f  

On t h e  o t h e r  hand, Zr may be greater than  one (Fig.  3) , an 

enhanced mixedness effect ,  or  less than  one (Fig.  4 1 ,  an unmixed- 

nes s  e f f e c t ,  depending upon t h e  s i g n  of t h e  species c o n c e n t r a t i o n  

g r a d i e n t  i n  t h e  flow f i e l d ,  The assumed s i g n s  of t h o s e  g r a d i e n t s  

depends upon t h e  elementary r e a c t i o n  cons ide red  and upon t h e  pre-  

sumed l o c a t i o n  of t h e  "flame f r o n t "  l o c a t i o n  d e p i c t e d  i n  F ig .  5. 

Table  1 i n d i c a t e s  t h e  s i g n s  of t h e  correlat ion c o e f f i c i e n t  p* 

d i s c u s s e d  i n  r e f .  2;  p*>O implies Z >1, p*<O imp l i e s  O < Z r < l .  The r 
r e s u l t s  i n  ref. 2 assumed t h e  "flame f r o n t "  l o c a t i o n  t o  be a t  

fuel-to-oxygen) equiva lence  r a t i o  e q u a l  t o  one: i e ,  gCr = 1. 

Subsequent work r evea led  t h a t  f o r  t h e  case examined i n  r e f .  2 ,  

v a l u e s  i n  apprec i ab ly  better agreement wi th  t h e  exper imenta l  

v a l u e s  are ob ta ined  f o r  PIcr = 0.1. 

F i g s .  6 - 17. 

These r e s u l t s  are shown i n  

A s tudy  w a s  also undertaken t o  assess t h e  e f f e c t s  of changes 

in t h e  c o n s t a n t s  associated with t h e  gene ra t ion  and d i s s i p a t i o n  

te rms  i n  t h e  t r a n s p o r t  equat ions  d i scussed  i n  r e f e r e n c e s  4 and 5 

and used i n  r e fe rence  2.  I n  p a r t i c u l a r ,  t h e  c o n s t a n t s  C, and 
1 

C i n  t h e  equa t ion  for  t h e  d i s s i p a t i o n  of tu rbu lence  k i n e t i c  

energy and Cgl and Cg2 used i n  a l l  s p e c i e s  f l u c t u a t i o n s  t r a n s p o r t  
€ 2  



equa t ions  - and i n  t h e  t r a n s p o r t  equa t ion  fo r  t h e  tempera ture  

f l u c t u a t i o n s .  The va lues  c o n s i s t e n t l y  used h e r e t o f o r e  are: 

C = 1.43 
€1 

= 1.92 
c,2 

= 2.80 cgl 

= 2.00 -2 

w i t h  C, modified f o r  t h e  c a s e  o f  axisymmetric flow. 
2 

The s tudy  o f  C, and C, 
1 2 

w a s  prompted by t h e  c o n f l i c t i n g  

r e s u l t s  of two s e n s i t i v i t y  ana lyses  each  of which d e a l t  w i t h  a 

d i f f e r e n t  flow s i t u a t i o n :  one,  performed on a k-E t u rbu lence  

model f o r  imcompressible round- j e t  flow showed large s e n s i t i v i t y  

t o  a one pe rcen t  change i n  t h e  e m p i r i c a l  c o e f f i c i e n t s  C, 

i n  t h e  E t r a n s p o r t  equa t ion  [Ref. 61; on t h e  other hand, 

and C, 
1 2 

Pinckney 's  a n a l y s i s  on a k-, t u rbu lence  model f o r  " t u r b u l e n t  

mixing o f  hydrogen i n j e c t e d  from d i s c r e t e  h o l e s  i n  t h e  s u r f a c e  of 

a r e c t a n g u l a r  duc t "  showed l i t t l e  s e n s i t i v i t y  t o  a 1 0 %  change i n  

C and C [Ref. 71 .  
E, 

For t h e  experimental  case i n  r e f .  4 ,  bo th  C and C, w e r e  

i n c r e a s e d  by 1% a s  i n  Reference 6. The r e s u l t s *  (Figs .  18 and 19) 
€1 2 

showed no s e n s i t i v i t y  t o  t h e  i n c r e a s e  i n  t h e  c o n s t a n t s .  That  t h e s e  

r e s u l t s  ag ree  wi th  Pinckney's f i n d i n g s  f u r t h e r  conf i rms  t h e  correct- 

n e s s  o f  t h e  s t anda rd  v a l u e s  f o r  C and C, for t u r b u l e n t ,  com- 
€1 2 

p r e s s i b l e  flow. 

............................ 
* Note t h a t  t h e  on ly  parameters  used t o  compare t h e  r e s u l t s  are 
Hi0 and 02 concen t r a t ions  because p i t o t  p r e s s u r e  and N 
t r a t i o n s  have been found t o  be i n s e n s i t i v e  t o  changes f n t h e  
tu rbu lence  model [Ref, 61. 

concen- 

S 



One of t h e  t r a n s p o r t  equat ions  used i n  t h e  model is t h a t  f o r  

tempera ture  f l u c t u a t i o n s  [ R e f .  81. This  i s  treated ana logous ly  t o  

t h e  e q u a t i o n s  for  t h e  t r a n s p o r t  o f  f l u c t u a t i o n s  i n  f u e l  and 

oxidizer, as w e l l  as t h e  d i s s i p a t i o n  rate of t u r b u l e n t  k i n e t i c  

energy. The f l u c t u a t i o n  equat ion  for  f u e l  and o x i d i z e r  are bo th  

t h e  commonly recommended g2 
dependent on t h e  c o n s t a n t s  C and C 

v a l u e s  o f  which are given above. 
g l  

However, no r e f e r e n c e s  have been 

located s e t t i n g  f o r t h  t h e  equ iva len t  c o n s t a n t s  (he re  called C1 and 

C 2 )  i n  t h e  tempera ture  f l u c t u a t i o n  equa t ion ;  so t h e  code u s e s  

92  
and C2 = C 

A n  i n v e s t i g a t i o n  was made of t h e  assumed va lue  of C2. The 

9 2  
model w a s  tested for  v a l u e s  of C2 = (0.9)C and C2 = ( 0 . 1 ) C  

g l  
The t e n  p e r c e n t  decrease i n  the v a l u e  of C2 d id  n o t  cause  any 

change i n  t h e  r e s u l t s .  

of magnitude caused s i g n i f i c a n t  changes (Fig.  20). Improvement w a s  

However, dec reas ing  t h e  v a l u e  by one order 

found from t h e  c e n t e r l i n e  r a d i a l l y  outward u n t i l  t he  s t a r t  of com- 

bus t ion .  Here, t h e  mass f r a c t i o n  of oxygen w a s  found t o  be s i g n i -  

f i c a n t l y  lower and t h e  mass f r a c t i o n  of wa te r  w a s  found t o  be some- 

w h a t  h ighe r .  

Th i s  work s u g g e s t s  t h a t  t h e  va lue  of  C2 i n  t h e  equa t ion  f o r  

t h e  t r a n s p o r t  of tempera ture  f l u c t u a t i o n s  should  perhaps n o t  be 

t h e  same as t h e  va lue  of C i n  t h e  equa t ions  f o r  f l u c t u a t i o n s  

of f u e l  and o x i d i z e r .  

of c 

92 
I t  is l i k e l y  t h a t  C1, a s s igned  t h e  va lue  

should  a l s o  be rev i sed .  
g l  ' 
All the  t r a n s p o r t  equat ions  upon which t h i s  model i s  based 

r e q u i r e  i n i t i a l  radial  p r o f i l e s .  I n i t i a l  va lues  f o r  t h e  equa t ion  

for  t h e  tempera ture  f l u c t u a t i o n s  are r equ i r ed .  There has  been 



no experimental  o r  t h e o r e t i c a l  work done on t h i s  i n i t i a l  p r o f i l e .  

I n  t h e  code a s  employed i n  r e f .  2 ,  t h e  i n i t i a l  va lue  f o r  t h e  non- 

dimensional  temperature  f l u c t u a t i o n s  i s  t = 0.003 for  a l l  

r a d i a l  l o c a t i o n s  a t  t h e  i n i t i a l  a x i a l  location. Th i s  i s  also t h e  

n 

v a l u e  used f o r  t h e  i n i t i a l  p r o f i l e s  i n  t h e  t r a n s p o r t  e q u a t i o n s  f o r  

t h e  f l u c t u a t i o n s  of f u e l  and o x i d i z e r .  

To  determine t h e  e f f e c t s  of  changing t h e  i n i t i a l  p r o f i l e ,  

t w o  a t t e m p t s  were made t o  improve t h i s  p r o f i l e .  F i r s t ,  t h e  

i n i t i a l  va lue  w a s  r a i s e d  by one o r d e r  of  magnitude t o  0 .03  (Fig.  21). 

This  r e s u l t e d  i n  some improvement n e a r  t h e  c e n t e r l i n e  and s l i g h t  

improvement i n  t h e  combustion zone. 

Evans, et. a l .  (ref. 4 )  r e p o r t e d  t h a t  t h e  i n i t i a l  p r o f i l e s  

used i n  t h e  t r a n s p o r t  e q u a t i o n s  f o r  t u r b u l e n c e  k i n e t i c  energy and 

i t s  d i s s i p a t i o n  had a s t r o n g  i n f l u e n c e  on t h e i r  r e s u l t s .  T h e i r  

r e p o r t  gave two p o s s i b l e  i n i t i a l  k-E p r o f i l e s :  one by a t h e o r e t i -  

c a l  method and t h e  o t h e r  deduced from exper imenta l  measurements and 

shown i n  F i g .  22.  

The YCHARML code g e n e r a t e s  k-6 p r o f i l e s  accord ing  t o  t h e  

method d iscussed  i n  r e f .  4 .  These p r o f i l e s  had been used i n  a l l  

prev ious  work, so i n  t h i s  s t u d y  t h e  "exper imenta l"  p r o f i l e s  ( n e x t  

page) w e r e  t r i e d  us ing  a Ocr o f  1.0 (F ig .  5 )  and 0.1 (F ig .  6 ) .  

As b e f o r e  (ref. 61, it w a s  found t h a t  t h e  c r i t i c a l  equ iva lence  

r a t i o  of  0 .1  gave t h e  better r e s u l t s  (F ig .  7 ) .  However, t h e  expe r i -  

mental  i n i t i a l  k--E p r o f i l e s  d i d  n o t  m a t e r i a l l y  improve t h e  r e s u l t s .  

From t h e  c e n t e r l i n e  r a d i a l l y  outward t o  t h e  f lame zone, t h e  expe r i -  

mental  p r o f i l e s  gave s l i g h t l y  b e t t e r  r e s u l t s ,  b u t  o u t s i d e  t h e  

flame zone, t h e  r e s u l t s  w e r e  s i g n i f i c a n t l y  worse. 



CHEMICAL KINETICS STUDIES 

Two p r i n c i p a l  r e s u l t s  of t h e s e  s t u d i e s  w e r e  t h e  development 

of a g l o b a l  H2 - a i r  combustion model, described i n  r e f e r e n c e  9 ,  

and a complete s i l a n e  ( S i H  )-H2-air mechanism, d e s c r i b e d  i n  4 
r e f e r e n c e  10 .  The proposed hydrogen-air global combustion model 

c o n s i s t s  of t h e  t w o  "elementary" r e a c t i o n s  

k 
H + 0 2  + f1 2 OH 2 

f ,  
k 

2 OH + H2 +& 2 H20 

w i t h  t h e  forward rate c o e f f i c i e n t s  given i n  t h e  form 

The recommended v a l u e s  ( ref .  9 )  a t  one atmosphere p r e s s u r e  are 

A1 ( @ )  = (8.9174 + 31.4 33/4 - 28.950) x c m  /mol-5 3 

El = 4865 cal/mol 

N1 = 10 

A2 ( $ 1  = (2.0 + 1.333/4 - 0.8334) x cm /mol-5 
3 

E2 = 42,500 cal/mol 

N2 = -13 



To account for t h e  effects of p r e s s u r e s  between 0 . 5  atm and 

1 .0  a t m ,  A2 must be r e v i s e d  as follows: 

A2 = 8 .80  + 5.85/9 - 3.674 - 4 . 8 0 ~ -  3 . 2 0  p/@ + 
2.00  p 4 

~~ ~ 

P - O a 7  ( 8 . 8 0  + 5.85/$ - 4 .80  p - -1.5 A2 = 0 . 6 7  4 

3 .20  p/$ + 2 .00  p 4 )  

The s i lane-hydrogen-air  i g n i t i o n  and combustion s t u d i e s  are 

d e t a i l e d  i n  r e f .  10.  

Curren t  i n t e r e s t  i n  t h e  use o f  hydrocarbon f u e l s  i n  SCRAMJET 

engines  r e q u i r e s  t h a t  methods be sought  f o r  reducing  t h e  w e l l -  

documented lengthy i g n i t i o n  d e l a y s  and r e a c t i o n  t i m e s  of hydro- 

carbon f u e l s .  Two p o s s i b l e  approaches t o  reducing  t h e s e  t i m e s  are: 

(1) i n j e c t i n g  ( r e l a t i v e l y )  small  q u a n t i t i e s  of hydrogen a long  wi th  

t h e  hydrocarbon f u e l  w i t h  t h e  hope t h a t  i g n i t i o n  d e l a y  t i m e s  w i l l  

be more l i k e  t h o s e  for  H2 t han  for  t h e  CxHy; and ( 2 )  r e g e n e r a t i v e l y  

h e a t i n g  t h e  hydrocarbon p r i o r  t o  i t s  i n j e c t i o n  i n t o  t h e  combustion 

chamber so as to  pyro lyze  ( the rma l ly  c rack )  it, wi th  t h e  expecta-  

t i o n  t h a t  s u b s t a n t i a l  q u a n t i t i e s  of hydrogen w i l l  be among t h e  

p y r o l y s i s  products .  

p o s s i b i l i t i e s .  

S t u d i e s  are underway t o  i n v e s t i g a t e  both  

Calcu la ted  i g n i t i o n  d e l a y  t i m e s  up t o  33% (vo l . )  hydrogen i n  

t h e  f u e l  are  shown i n  Fig.  26. C a l c u l a t i o n s  have been c a r r i e d  o u t  

s e l e c t i n g  propane (C3H8) as t h e  r e p r e s e n t a t i v e  hydrocarbon f u e l .  



1 
As can  be seen  i n  Fig.  26, a t  1.0 a t m ,  Cp = 1 .0 ,  t h e  r e d u c t i o n  i n  

i g n i t i o n  d e l a y  t i m e  compared with t h a t  f o r  p u r e  C3H8 i s  s l i g h t ,  

For  example, a t  To = l O O O K ,  tID 

0.025 sec for  t h e  33% H2/67% C3H8 mixture .  

t I D  
however, t h a t  33% H2 i n  t h e  f u e l  mix ture  r e p r e s e n t s  ve ry  l i t t l e  

hydrogen by m a s s .  

SiH4/80% mixture  as a p p l i e d  here would r e s u l t  i n  a f u e l  mix ture  

o f  98.88% H 2 / 1 . 1 2 %  C3H8 by volume. A s i m i l a r l y  wide range of 

H2/CxHy ra t ios  w a s  u t i l i z e d  i n  t h e  experiments  of Cookson 

shown schemat i ca l ly  i n  F ig .  27. H i s  tests, t h e  r e s u l t s  of which 

0.05 sec for  C3Hg and about  

On t h e  other hand, 

sec for  pure  H~ a t  T, = ~ O O O K .  It i s  recognized,  

As an example, t h e  mass e q u i v a l e n t  of t h e  20% 

(ref.  ll), 

are i n  F i g .  28, would span the  range  from about  3% H2 t o  n e a r l y  96% 

H2 (by volume) had h i s  "main" f u e l  been C3H8 r a t h e r  t han  kerosene. 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  u s ing  mode A (see Fig.  271 ,  

i g n i t i o n  could  be achieved a t  reasonable  kerosene i n j e c t i o n  p r e s s u r e  

r a t i o s  us ing  r e l a t i v e l y  small q u a n t i t i e s  o f  H2 (about  3% t o  33% by 

volume), whereas mode B requi red  much more s u b s t a n t i a l  q u a n t i t i e s  

of .H2 (33% - 96% by volume). 

employing hydrogen concen t r a t ions  exceeding 33% by volume. 

e f f e c t  upon t i s  shown i n  Fig. 29 ( 4  = 1, p - 1 a t m ) .  I t  i s  

clear t h a t  a p p r e c i a b l e  reduct ions  o f  t 

H2 c o n c e n t r a t i o n  less t h a n  40%. 

Hence, c a l c u l a t i o n s  w e r e  c a r r i e d  o u t  

The 

i g  
do n o t  occur  f o r  v a l u e s  o f  

i g  

I n  o r d e r  t o  arr ive a t  a recommended minimum f u e l  hydrogen con- 

c e n t r a t i o n  f o r  SCRAMJET engine a p p l i c a t i o n s ,  a c r o s s - p l o t  w a s  made 

of t h e  d a t a  i n  Fig.  29 and is shown i n  Fig.  30 a t  To = 1000 K and 

1667 K. I t  i s  clear, looking  a t  t h e  lOOOK curve ,  t h a t  very  l a r g e  

10 



r e d u c t i o n s  i n  t occur  f o r  f u e l  hydrogen c o n c e n t r a t i o n s  exceeding 

80% by volume (15.4% by we igh t ) .  Hence, from t h e  i g n i t i o n  view- 

p o i n t ,  f u e l  hydrogen c o n c e n t r a t i o n s  exceeding t h a t  v a l u e  a r e  

recommended. 

i g  

S i m i l a r  t behavior  o c c u r s  f o r  v a l u e s  of equ iva lence  r a t io  

o t h e r  t h a n  s t o i c h i o m e t r i c ,  as i s  shown i n  F igs .  31 and 32. Th i s  

t e n d s  t o  r e i n f o r c e  t h e  above recommendation of % H2 > 80% ( v o l . ) .  

i g  

From t h e  viewpoint  of r e a c t i o n  t i m e ,  tR, no c l e a r  e f f e c t  o f  

f u e l  hydrogen c o n c e n t r a t i o n  w a s  observed f o r  t h e  c o n d i t i o n s  ca lcu-  

l a t e d .  

ranging  from 0 %  t o  96% is  shown i n  Fig.  33. 

The range of  tR v a l u e s  observed f o r  hydrogen c o n c e n t r a t i o n s  

The flame s t a b i l i z i n g  c h a r a c t e r i s t i c s  of v a r i o u s  C3H8/H2 f u e l s  

a r e  shown i n  t h e  blowout l i m i t  c o r r e l a t i o n s  i n  Fig.  34. Here aga in ,  

as may be  seen i n  t h e  c r o s s - p l o t  a t  $I = 1 i n  Fig.  35, va lues  o f  

f u e l  hydrogen c o n c e n t r a t i o n  exceeding 80% may be s a i d  t o  r e s u l t  i n  

an "apprec iab le"  s h i f t  of  t h e  s t a b l e  flame envelope. 

On t h e  b a s i s  o f  t h e s e  s t u d i e s ,  f u e l  hydrogen c o n c e n t r a t i o n s  

exceeding 80% by volume (15.4% by weight )  are recommended f o r  

SCRAMJET engines  employing hydrogen - gaseous hydrocarbon f u e l  

mix tures ,  provided t h a t  t h e  f u e l  i s  propane or  a h i g h e r  molecular  

weight  hydrocarbon. N o  p r i o r i  conc lus ions  can be  drawn concerning 

such lower molecular weight  f u e l s  as methane, e t h a n e ,  e thene  and 

a c e t y l e n e  . 
I n  a d d i t i o n  t o  t h e  above s t u d i e s ,  an e x t e n s i v e  i n v e s t i g a t i o n  

was undertaken d e a l i n g  wi th  t h e  ranges  o f  a p p l i c a b i l i t y  of chemical 

k i n e t i c  models o f  hydrogen-air  combustion. 

s t u d i e s  i s  i n  Appendix A h e r e i n .  

A d e s c r i p t i o n  of t h e s e  
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TABLE 1 
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4 .  

5 .  

6 ,  

7 .  

8 ,  

Reaction 

H2+M = H+H+M 

02+M = O+O+M 

H20+M = OH+H+M 

OH+M = Q+H+M 

H20+0 = OH+OH 

H20+H = OH+H2 

02+H = OH+O 

R2+0 = OH+H 

Sign of the Correlation Coefficient 
Forward Reverse 

+ + 
+ + 
+ + 
+ + 
+ + 
- + 
+ + 
+ + 
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Figure 1.'- Comparison of r e s u l t s  f o r  beta pdf and most- l ikely pdf for case 1. 
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 APPENDIX A. The Ranges of A p p l i c a b i l i t y  of C h e m i c a l  K i n e t i c  
Models of Hydrogen-Air Combustion 

$. 1 .  I n t r o d u c t i o n  

4.1.1 Mot iva t ion  for the P r e s e n t  S tudy  

The r t u d y  of  hydrogen-fueled supe r son ic  combustion 

ramjets (scramjetr) has been a major part of t h e  research 

programs of t h e  Bypersonic P ropu l s ion  Branch at  t h e  Langley 

Research Center .  Scramje ts  take advantage of  h igh  f l i g h t  Hacn 

numbers ( g r e a t e r  t h a n  5 )  to achieve p ropu l s ion  e f f i c i e n c i e s  

greater than  t h a t  of ramjet engines. '  

is a ~ e a s u r e  of t h e  t h r u s t  energy o u t  d i v i d e d  by t h e  combustion 

energy  in.  Due t o  t h e  great f l i g h t  speeds of scramjets (Mach 

numbers range from 4 to 7 ) ,  there are time c o n s t r a i n t s  for 

combust i o n  w i t h i n  a combustor of r easonab le  si ze. 

P ropu l s ion  e f f i c i e n c y  

As a r e s u l t  of these t i m e  c o n s t r a i n t s ,  minimal i g n i t i o n  

d e l a y  times are d e s i r a b l e .  F i g u r e  1 shows a plot of t h e  log  of 

t h e  i g n i t i o n  t i m e  ve r sus  i n i t i a l  temperature for v a r i o u s  f u e l s .  

Hydrogen f u e l  has a very l o w  i g n i t i o n  d e l a y  t i m e  r e l a t i v e  to 

hydrocarbon f u e l s .  It is t h i s  l o w  i g n i t i o n  de lay  time which 

makes hydrogen a va luab le  f u e l  f o r  scramjets. I t  becomes a 

n e c e s s i t y ,  therefore, to s tudy  i n  d e t a i l  hydrogen-air  

combustion. 

Host s tud ies ,  t h u s  f a r ,  have been exper imenta l  

i n v e s t i g a t i o n s .  T h i s  dependence on empirical resul ts  is due t o  

t h e  complexi ty  of t h e  flow around f u e l  i n j e c t o r s  w i t h  
- 

three-dimensional  geometries, which are n o t  e a s i l y  t rea tea  

a n a l y t i c a l l y .  Numerical s o l u t i o n s  have g e n e r a l l y  been 



8 
restricted to two- or three-dimensional parabolic f l o w  with 

oversimplified chemistry rode16 of the Yz-air mystem. 

numerical molution 8chcRes art applicable only in the parabolic 

These 

flow region well down8tream of the disturbance 

caused by the transverse fuel injection used by scramlet 

combustors in order to achieve rapid mixing and reaction. 9 
priori knowledge of the extent of fuel mixing, ignition, and 

reaction is required to initiate calculations. 

In spite of the difficulty in obtaining quantitative 

information, a sufficient data base bas been established to 

define a rcramjet engine concept and to permit fabrication of 

8ubscale engine models with integrated inlet, combustor, and 

-nozzle components. The current ocramjet is designed to operate 

.. 
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at atagnation temperatures ktween 9OO'K and 2200'K2 

which corrcapond to a flight Uach number range from 4 to 

7. In ground test@ of rubecale engine rodels3, however, 

problems were encounter& in obtaining ignition and 

austaining reaction at test oonditions where ignition and 

L 

sustained reaction were expected. 

The need to better understand the chemical mechanism 

of the ignition and reaction of E2-air mixtures at 

conditions typical of a scramjet combustor has led to many 

analytical studies. Uost of the analytical studies at the 

Langley Research Center, as well as this present Study, 

use a computer program (references 4 and 5) to solve 

flowing, chemical-kinetic, isobaric, stream-tube problems 

involving many chemical species. It is known that the 

computational time requirements for any computer program 

employing detailed chemical kinetics is proportional to 

the number of species and reactions being treated. It is 

the purpose of this effort to develop a method which 

reduces these numbers in the study of H2-air combustion 

a M  ar rne sume rime preserve rne correct pnysicai- 

chemical behavior. The result of this work will be to 

reduce computer time and computer storage requirements. 

Wethods for reducing computational times are presented in 

- section two of this work. 



A.2.  Hethodr to Reduce Computational Times 

The method propo8ed i n  this work to reduce 

computer run  t ires is a n  ex tens ion  and re f inement  of 

t h e  method proposed by C h i r k t  in r e f e r e n c e  9. T h i s  

8ethod invo lves  t h e  t r a c k i n g  of a . t r i g g e r a  species 

which is used to determine  whether t h e  flow is in a n  

. i g n i t i o n a  mode or i n  a mcombustion" mode. I g n i t i o n  

and combustion are d e f i n e d  i n  the classical  sense .  

I g n i t i o n  d e l a y  t i m e  is t a k e n  to  be t h e  t i m e  requirea 

for t h e  tempera ture  i n c r e a s e  to reach f i v e  p e r c e n t  of 

t h e  o v e r a l l  t empera ture  i n c r e a s e :  

When t h e  tempera ture  is less than  t h e  i g n i t i o n  

tempera ture ,  t h e  flow is i n  the a i g n i t i o n a  mode. 

Othe rwise ,  t h e  flow is i n  t h e  acornbustion" mode. 

(See Figure  2 ) .  

I t  w i l l  be shown t h a t  while an e x t e n s i v e  

chemical package is needed to describe t h e  . i g n i t i o n "  

mode, a s m a l l e r  package is s u f f i c i e n t  to  deal w i t h  

t h e  acornbustion" mode. Evans and Schexnayder 

concluded t h a t  a 25- reac t ion  scheme invo lv ing  12 

species ( d e s i g n a t e d  25( 1 2 )  h e r e i n ) ,  was required to 

describe . i g n i t i o n a  processes, w h i l e  a n  8 ( 7 )  suf f icea  

to d e a l  w i t h  t h e  "combustiona me. The work 

10 
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di8cu88cd herein describe8 efforts to minimize the 

computational tire requirements once the 'COmbUSt~Onm 

process is initiated (i.e. 8 aaallcr package or one 

that takes less computational time than the b(7) 

system right 8uffice to deal with the o ~ m b u ~ t i o n m  

rode). 

A 37(13) system is used as the .testm 

chemical-kinetic package (Table 1). Any smaller 

system is 'tested' against the 37(13) system to see 

if the correct physical chemical behavior is 

preserved. This is accomplished in the following 

way: 

First, the full 37(13) system is run from tne 

initial state to equilibrium. Next, the test system 

is run from the point where the 'combustionm in the 

37(13) system initiates. The test system's initial 

values (pressure, temperature, equivalence rat io and 

chemical composition) are that of the 37(13) system's 

values at the point of 'combustionm. Temperature- 

time profiles and chemical behavior are compared (see 

Figure 3). 

system and the test system is within an acceptable 

If the difference between the 37(13) 



a 

rrnger the teat .yrter will be a u f f i c i e n t  to deal 

with the g C 0 . r b ~ 8 t i ~ n g  procero. 

Graphs  Of the Dam f r a c t i o n  of t h e  t r i g g e r  

rpecies v e r s u s  time 8nd i g n i t i o n  t e m p e r a t u r e  v e r s u s  

mass f r a c t i o n  of t h e  t r i g g e r  8pecies a t  i g n i t i o n  are 

r a d e  i n  acco rdance  w i t h  r e f e r e n c e  9. The cases from 

t h e  3 7 ( 1 3 )  r y s t e m  s e r v e  as the data base. 

An 8 ( 7 )  sys tem ( T a b l e  2 )  is tested to  c o n f i r m  

t h e  r e s u l t s  of Evans and Schexnayder.''. 

8 ( 7 )  System is r u n  from t h e  i n i t i a l  s t a t e  t o  

e q u i l i b r i u m  to  d e t e r m i n e  i f  there are any i n i t i a l  

c o n d i t i o n s  where t h e  8 ( 7 )  sys t em describes t h e  e n t i r e  

process (i.e. b o t h  i g n i t i o n  and combus t ion ) ,  

The 

I n  order to  f u r t h e r  reduce c o m p u t a t i o n a l  

t i m e s ,  a 2 ( 5 )  global model (Table 3 )  deve loped  by 

Rogers and C h i n i t z  i n  r e f e r e n c e  11 is tested. The 

method proposed  i n  that  paper must be altered to  

i n c l u d e  t h e  effects of pressure. The A r r h e n i u s  

e q u a t i o n  w i l l  have t h e  form: 

The v a l u e s  of t h e  paramaters may be d i f f e r e n t  from 

those i n  r e f e r e n c e  11 because  t h e y  are f i x e d  



8rbitrarily 80 that the 2 (5 )  8ystcm describes the 

37(13) 8ystem. 

Lastly, the ro-called 'partial equilibrium" 

assumption of reference 12 is examined in Connection 

with an 8 ( 7 )  rystenr in 8x1 effort to minimize 

computational times. The 8(7 )  aechaniem consists of 

the following reactions: 

E20 + 0 - OH + OH (1) 

H20 + H * Ofl + H2 (ii) 

02 + H  = O H + O  (iii) 

H2 + O  = 0 H + H  (iv) 

H20 + n - H + OH (VI 

E2 + n  - H + H  + M  (vi) 

o2 + w  - 0 + o  + n  (vii) 

+ n = 0 + H + n (viii) OH 

During the ignition delay period, all eight 

reactions play a role: however, in the "combustion" 

mode, the bimolecular 8huffle reactions occur 80 

rapidly in both directions that under 8-e conditions 

they ray be basically in equilibrium. The .partial 

equilibrium" a~sumption takes ractions (i)-(iv) to oe 

. . .. . 



in equilibrium (infinitely fast reaction rates), 

while reactionr (v)-(viii) continue to occur at a 

finite rate. 

Infinitely fast reaction rates can be app- 

roximated by assigning very large values to the 

preexponential factor in the forward reaction rate 

constant (e.9. 10 ). The backward reaction rate 50 

constant is then very large to satisfy K = kf/kb 

The values of the preexponential factors of reaction 

(i) to (iv) are determined 80 that the system des- 

cribes the ‘ ~ 0 m b ~ ~ t i 0 n ”  process. 

To obtain these results, 45 one-dimensional, 

constant pressurer H2-air computations were 

performed in the ranges: 

0.5 < 4 < 1.5 
0 - 

850 < T (1200 
0 - 

0.5 < p <1.0 - - 

where pS is the equivalence ratio, T is the 

temperature in O K ,  and p is the pressure in atmos- 

pheres. A listing of these individual cases is given 

in Table 4.  Comparison of the computational times 

Ire then made and recommendations are discussed. 



A.3-1 Sulva ry  

! 

A l l  4 5  cares in Tab le  4, as w e l l  as the nine 

cases marked W i t h  an  exc lamat ion  p o i n t ,  were 

perforred on t h e  37(13)  8nd 8 ( 7 )  8yetems, 

r e s p e c t i v e l y ,  in both t h e  i g n i t i o n  and combustion 

modes, I n  a d d i t i o n ,  t h e  1 5  cases parked w i t h  an 

asterisk were tested on t h e  8 ( 7 )  system, the  g loba l  

model, and t h e  . pa r t i a l  equ i l ib r ium"  model s t a r t i n g  

a t  t h e  i g n i t i o n  po in t ,  These 1 5  cases were selected 

to  encompass t h e  entire range of i n t e r e s t .  

What follows are t h e  r e s u l t s  of these test cases. 

F i r s t ,  the results from t h e  37(13 )  sys tem inc lud ing  

t h e  a t r i g g e r a  concept are presented .  Next, t h e  b ( 7 )  

sys tem i n  its e n t i r e t y  and i n  t h e  combustion mode 

a l o n e  is d i scussed .  Global and pa r t i a l  e q u i l i b r i u m  

r e s u l t s  i n  the combustion mode follow. L a s t l y ,  

temperature-time profiles and computa t iona l  times are 

eem.nsvmd fer feer avi t+m_c_ 
c---- -1 

Ar3.2 The 37(13)  System 

A..3,2.1 Temperature-Time P r o f i l e s  

45 cases were run to m r v e  as a basis 

of coarpari8on f o r  t h e  test 8ystemo described 
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previously. Sufficient data points were obtained for 

all cares and each care yielded a characteristic 

I-rhaped curve for the temperature versus time 

profile. For each case, it was necessary to obtain a 

data point at the ignition temperature, defined in 

the classical sense as SO of the temperature rise 

from the initial state to the final equilibrium 

utate, in order to set initial conditions for the 

test cases. Problems arose, however, when trying to 

pinpoint the ignition temperature. As a result, 

satisfactory ignition conditions could not be 

calculated for nine cases due to time constraints. 

These cases were aaitted from data base and the 

remaining 36 cases are given in Table 5 with 

corresponding ignition temperature, time, and mass 

fraction of OH. 

Tables 4 and 5 show that the ignition delay time 

is a function of initial temperature, pressure, and 

equivalence ratio. This function is complicated 

since it is inversely proportional to initial 

temperature, nearly independent of equivalence rat io 

except at low temperatures (850'K and 900'K), 

proportional to pressure at temperatures of 850.K and 

900.K, and is inversely proportional to pressure at 

temperatures greater than or q u a l  to 1000'K in the 

ranges rtudied. These results are similar to the 



r e s u l t s  reported by mer8 and Schexnayder  ( r e f e r e n c e  

2)  in t h e i r  e x t e n s i v e  r t u d y  which i n c l u d e d  ti0 

r e a c t i o n s  urd 20 rpecies. S i n c e  the r e s u l t s  are 

similar to those of Rogers and Schexnayder ,  t h e  

37(13) r y r t e m  serves as a good basis for the 

rema in ing  s y s t e m s  to be compared w i t h .  

A.3.2.2 The a T r i g g c r a  Concept  

I n  order to  test s y s t e m s  i n  t h e  

acornbustion' mode it is n e c e s s a r y  to d e t e r m i n e  when 

t h e  t r a n s i t i o n  to the acombust iona mode takes place. 

It was to  t h i s  end tha t  t h e  concep t  of a . t r i g g e r "  

species was f i rs t  proposed by C h i n i t z  i n  reference 9 .  

The concep t  i n v o l e s  t h e  t r a c k i n g  of t h e  mass f ract ion 

of one of the species. When its v a l u e  becomes 

greater t h a n  a preset v a l u e ,  t h e  sys tem is said to  be 

i n  t h e  a ~ m b ~ s t i o n "  mode. 

There are s e v e r a l  r e q u i r e m e n t s  for a species to 

s e r v e  as an e f f e c t i v e  t r i g g e r  from i g n i t i o n  t o  

combustion. The c o n c e n t r a t i o n  of an  e f f e c t i v e  
A--.---- ------- e..-& La -:--la-..-l,.& I & h s  C A r y y S L  r y r - L r u  - .----- ,---- _---- =f 
t h e  mass f r a c t i o n  a t  the i g n i t i o n  p o i n t  is not a g a i n  

o b t a i n e d )  and undergo a s u f f i c i e n t l y  large change 

d u r i n g  t h e  i g n i t i o n  process that its c r o s s o v e r  i n t o  

t h e  combust ion mode is unmis t akeab le .  It was 



kliQved that the bydroxyl r8dic.1, OH, would 

m r v e  that prpose. 

Re8ult8 here confirm the  work of reference 9. 

Table 6 8nd ?igure 4 .haw haw the mass fraction of OH 

varies with t i m e  for a repre8entative case (case 

number 23). It is easily 8een that OH has all the 

requirements to serve ab the trigger species. The 

ignition point is well-defined and is 

single-valued. 

It is of interest to estimate the trigger point 

for all values of equivalence ratio, pressure, and 

temperature studied, A plot of the ignition 

temperature v6 the mass fraction for OH at the 

ignition point is shown in Figure 5, A least-squares 

linear fit of In Tig is Y o H ~ ~  was determined 

to be 

In Tig = 0.085 In Y o H ~ ~  + 7.65 (3 ) 

This linear relationship predicts values within a 

factor of 2.5 (generally well within) for all 

pressures and equivalence ratios examined. This 

provides a large advantage over the non-linear 

relationship developed in reference 9 which was 

limited to an equivalence ratio of 1. W i t h  the 

selection of a trigger 8pecies whose value can be 

estimated, the test systems can now be examined. 

7 3  
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1i.3~3~1 Ignition and Coabustion 

The 6(7 )  mytstem was run from tire 

zero to equilibrium for the nine cases marked with an 

exclamation pint in Table ?ive of these cases 

(38 6, 9, 12, 15) represent a met of constant 

pressurer constant equivalence ratio conditions with 

varying initial temperature. These were selected to 

determine how the initial temperature affects the 

ignition delay time when compared to the 37(13) 

system. The remaining four cases (13, 22, 25, 2 9 )  

were arbitrarily picked in an attempt to see the 

effects of pressure and equivalence ratio. 

Figures 6-10 show a comparison of temperature- 

time histories for the 37(13) and 8 ( 7 )  systems for 

cases 3, b r  9, 12, 15, respectively, in both the 

ignition and combustion modes. Figures 6 and 7 show 

the delay tine to be more than an order of magnitude 

lower far the 8(71 system at low temperature. 

Figures 8-10, however, show that the delay time for 

the 8 ( 7 )  ~ystem is greater than the 37( 13) system at 

higher temperatures. It is therefore concluded that 

a transition takes place between an initial 

temperature of 900.K and 1OOO'K. 

that a ten percent mixture of hydrogen in air has an 

ignition temperature of between 893'K and 1020°K13) . 

- 
(It should be noted 
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F i g u r e  11 bows a plot of i g n i t i o n  d e l a y  t i m e  VS. 

1000To'l for the 8 ( 7 )  and 37(13)  syo tems  at a 

p r e s s u r e  o f  one &tlosphere and an e q u i v a l e n c e  r a t io  

of 0.5.  The two curves cross at a t e m p e r a t u r e  of 

970'11 where  their i g n i t i o n  d e l a y  times are equal .  

These r e o u l t s  imply t h a t  for any c o n s t a n t  

p r e s s u r e  and concltant 9 there is a To for which 

t h e  two sys t ems  have  t h e  same i g n i t i o n  d e l a y  t i m e .  

A t  these c o n d i t i o n s ,  t h e  8(7) sys t em can describe t h e  

37(13) sys tem i n  both t h e  i g n i t i o n  and combust ion 

modes. I t  also migh t  be e x p e c t e d  t h a t  a t  

t e m p e r a t u r e s  away from t h i s  par t icular  i n i t i a l  

temperature, the 8(7) sys t em might  l a g  behind  or 

proceed ahead of t h e  37(13) sys t em when tested a t  

i g n i t i o n  c o n d i t i o n s  i n  the 'combustion. mode. 

The remain ing  four cases a l l  had i n i t i a l  

t e m p e r a t u r e s  a t  or above 1000.K. The r e s u l t s  of 

these cases were a g a i n  t h a t  t h e  d e l a y  time was n i g h e r  

f o r  t h e  8(7) s y s t e m  t h a n  t ha t  of t h e  37(13) sys tem.  

No s i g n i f i c a n t  effects of pressure or e q u i v a l e n c e  

r a t i o  were found i n  these l i m i t e d  case. The 8 ( 7 )  

system was now tested i n  t h e  'combustion' mode w i t h  a 

f o c u s  on t h e  e f f e c t  of i n i t i a l  temperature. 
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A. 3.3.2 The oCombuetionm node 

The 15 cases marked with an asterisk 

in Table 4 were run for the 8(7) aystem in the 

.combustion mode.. For a11 pressures, temperatures, 

and equivalence ratios mtudied, the 8(7) system had a 

higher equilibrium temperature than that of the 

37(13) system. This result was expected in that the 

8(7) system neglects nitrogen dissociation. It was 

also found that for all conditions, the 8(7) system 

lagged behind the 37(13) system after the ignition 

point then equaled and surpassed the 37( 13) curve 

(see Figure 12). This result was contrary to the 

expectations of section 4.3.2.1. It was thought tnat 

for some initial temperatures the 8(7) system would 

reach equilibrium more equickly than the 37( 13) 

system. This however, was not the case. 

The amount of lag, however, was found to be a 

function of the relationship between the actual 

ignition temperature and the ignition temperature 

calculated from equation 1 (designated herein as 

oclassicalm ignition temperature). If the ignition 

temperature used (and also all other initial 

conditions) was between the initial temperature and 

the classical ignition temperature, then the 8(7) 

8ystem described the 37(13) mystem very well. If the 

temperature ured was greater than the classical 



i g n i t i o n  tempera ture ,  there was m appreciable l a g  

(8-  Figure  1 2 ) .  The re fo re ,  as t h e  d i f f e r e n c e  

between the i n i t i a l  temperature and i g n i t i o n  

tempera ture  used i nc reased ,  the  l a g  became greater. 

No cases were found Where the 8 ( 7 )  sy6tcm reached 

equilibrium more q u i c k l y  t h a n  t h e  37(13) system. I t  

is concluded, t h e r e f o r e ,  that i g n i t i o n  temperatures 

lower t h a n  t h e  classical i g n i t i o n  temperature s h o u l d  

be used. It  was not determined what percent below 

f i v e  percent should be used. 

A, 3.4 The Global Model 

The g l o b a l  model i n  Table 3 was f i rs t  

proposed i n  reference 11. The reaction rate c o n s t a n t  

for each r e a c t i o n  is a d j u s t e d  80 t h a t  t h e  g l o b a l  

model describes t h e  37(13) system i n  t h e  combustion 

mode. 

Before de termining  these ad jus t ed  ra te  

c o n s t a n t s ,  it was u s e f u l  to  observe  how vary ing  each 

r a t e  c o n s t a n t  affected t h e  temperature-time prof i le .  

I t  was observed t h a t  i n c r e a s i n g  k f 4  ( t h e  

subscript  4 refers to t h e  f i rs t  r e a c t i o n ;  subscr ipt  5 

refers to t h e  second r e a c t i o n  us ing  the n o t a t i o n  i n  

r e f e r e n c e  11) slows down t h e  r e a c t i o n .  T h i s  was 

referred to  as a ' lagging. system i n  the p r e v i o u s  

s e c t i o n .  

The 8y8tem is v e r y  s e n s i t i v e  to an  i n c r e a s e  or 

I n c r e a s i n g  kf5 speed6 up the r e a c t i o n .  

7 7  



dccre88e in Q5 while being  r8thcr i n r e n s i t i v e  to 

8 v 8 r i a t i o n  i n  kf4. It was decided t o  f i x  N i  and 

E i  8t the 8ame o8 luas  as i n  r e f e r e n c e  . lo; namely, 

E4 = 4665 crl/mol 

E5 = 42,500 cal/mol 
N4 = -10 

N5 = -13 

Due t o  the i n s e n s i t i v i t y  o f  the sys tem t o  

k f 4 ?  
r e t a i n e d  as i n  r e f e r e n c e  11: 

it was also decided that A4 could be 

A4 = (e.9170 + 31.433)# - 28.950) x CHI 3 / m o l - s .  

I t  s h o u l d  be n o t e d  t h a t  A4 is a f u n c t i o n  of 9 only. 

The e f f e c t  of pressure, which was neg lec t ed  i n  

r e f e r e n c e  11, was i nc luded  i n  t h e  d e t e r m i n a t i o n  of 

A s m  As a result, A5 1s a f u n c t i o n  of pressure 

and e q u i v a l e n c e  r a t i o  and has the form A5 ( 0 ,p)  . 
The s e n s i t i v i t y  of t h e  system to  kf5  permitted 

s u b s t a n t i a l  changes to be made to t h e  temperature 

profiles produced by the g l o b a l  system. 

T a b l e  0 shows the v a l u e s  of A4 and A5 

determined  i n  o r d e r  t o  describe the  temperature-time 

profile required.  F i g u r e  13 shows a plot  of A4 

(which is independent  o f  pressure) v s . #  . 
rhows plots  of A5 V s ,  pressure f o r  v a r i o u r  '6. 

F i g u r e  1 4  
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As other authors have reported, large discrepancies 

e x i s t  between remalts for equivalence ratios less 

than or greater than one, The relationship between 

A5 and pressure and equivalence ratio rust be 

broken up into two equations for the ranges studied: 

- 'A,+ 5.85/$ - 3.674 - 4 . 8 0 ~  - 3.20p/@ + 

These equations predict values of A5 to within 

10% for the d g s  studied.. 

In all cases, the global mode lags behind the 

37(13)  6ystem for a short period following ignition. 

Then the global model equals and exceeds the 37 (13) 

system and reaches equilibrium (see Figure 15). The 

equilibrium temperature of the global model should be 

higher than that of the 3 7 ( 1 3 )  system due to 

di6SOCiatiOn. 

This again, however, is controlled by the 

ignition temperature used by the global model. 

the ignition temperature used is greater than the 

classical ignition temperature, then the equilibrium 

temperature is less than the classical ignition 

temperature. If the ignition temperature is less 

I f  
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than the classical, then the equilibrium temperature 

reached is greater than the 37(13)  system as 

expected. 

Initial temperature also has an effect on the 

accuracy of the global model. As the initial 

temperature increases, the difference between the 

global rodel and the 37(13 )  system increases. ho 

effect on pressure or equivalence ratio was 

found . 
The global model predicts very well the 

temperature-time profile of the 37(13 )  system. These 

results, however, show the importance of the ignition 

temperature used. It is suggested that ignition 

temperature be a variable to be tested in future 

work. Nonetheless, the global model shows promise in 

accurately reproducing temperature-time profiles with 

a minimum of computational time and computer storage 

requirements. 

~ . 3 . 5  The .Partial Equilibrium' Assumption 

The .partial equilibrium' assumption is 

already in use in combustion analysis; however its 

applicability to this present study in the ranges of 

interest has not been determined. This assumption 

mtates that the biaolecular 8huffling reactions occur 

00 



80 rapidly that the are basically in equilibrium. If 

this is the caser the kinetics equations can be 

replaced by the algebraic laws of MSS action as 

discussed in reference 12. Therefore, 8 number of 

partial differential equations are replaced by 

algebraic equations and the remaining partial 

differential equations are 8implified. If 

appropriate criteria are specified as to when this 

assumption is applicable, computer running times will 

be greatly reduced. 

It was to this end that an approximation to tne 

'partial equilibrium" assumption was tried. Insteaa 

of incorporating algebraic equations into the 

computer program, infinitely fast reaction rates 

would be approximated by using extremely large 

numbers (on the order of los0) for the 

preexponential factor. It was anticipated that this 

would sufficiently approximate the .partial 

equilibrium" assumption. 

Substantial numerical difficulties arose in 

trying the approximation, First, the largest 

preexponential factors that could be used were of the 

order of lo2'. 

Of magnitude greater than any other preexponential 

factors, Next, the precision of the program needed to 

be upgraded two orders of magnitude by 8d)urting the 

still, this was at least 5 orders 



EHAX parameter. linally, this approach produced 

erroneous rerult8 much u temperatures exceeding the 
equilibrium temperature when the Gear integration 

procedure was used. The slower Mams method was then 

used which gave rerults which were physically 

plausible. Due to these problems, running times were 

very long. This was not the main concern, however. 

Rather, the primary goal was to test the partial 

equilibrium assumption against the 3 7 ( 1 3 )  system in 

the ranges studied. 

Figures 16-30 chow how the approximation to the 

.partial equilibrium' assumption compared to the 

37(13) system. For low temperatures (850'K, 900.K) 

and for all cases with an equivalence ratio of 0.5, 

the partial equilibrium assumption reproduced the 

37(13) curve well. In the remaining cases, however, 

the assumption did not approximate the profile 

accurately. The shape of the curve was not even 

preserved. 

It appears that the approach to approximating 

the .partial equilibrium' assumption has a narrow 

region of validity; namely, low initial temperatures 

and low equivalence ratios. As stated before, no 

conclusion can be drawn about the assumption itself. 

It is suggested that future work include the 



incorporation of algebraic lawe of rass action into 

the computer program to more prtcirely determine the 

validity of the arrurption. 

~ 3 . 6  Compariron of the Four Systems 

A,3.6.1 Temperature-Time Profiles 

Figures 16-30 show a comparison 

of the 37(13 )  systems for the 15 cases marked with an 

asterisk in Table 4. The ignition mode of all 15 

cases is that of the 37(13)  system which continues in 

the combustion mode. The test systems start at the 

ignition point and reach an equilibrium temperature 

different from the 37(13)  system. 

The lag of the 8 ( 7 )  system is shown in these 

figures. The lag is more a function of the 

relationship between the ignition temperature used 

and the classical ignition temperature than the 

initial temperature, pressure, or equivalence rat io .  

The B ( 7 )  system reproduces the temperature-time curve 

very well, as expected. 

The inital lag and eventual higher equilibrium 

temperature of the global model is shown in all 15 

cases. Initial temperature has a substantial effect 

on the  accuracy of the global mode. As the initial 

temperature increaee8, the temperature differences 



between the global rodel and the 37(13) curves become 

large. These perh8p6 a u l d  be corrected by starting 

the global model at 8 different ignition temperature. 

Partial equilibrium curves accurately reproduced 

the temperature-time curveg for cases 2, 4, 9, 11, 

15, 18, 20 and 31. This 8uggests that the partial 

equilibrium assumption right 8uffice at lower initial 

temperatures and equivalence ratios. The numerical 

difficulty in obtaining these results sheds 

uncertainty on this cOnclusion. 

Figures 31 and 32 represent the results of using 

an ignition temperature higher than the classical one 
mL- -.. i r  to CaPCP ii && 1st ~ ~ 6 ~ ~ ~ ~ ~ ~ ~ ~ 0  A L A S  U \  I J O J P C S I I I  a u  

observed to lag behind the 37(13) system to a greater 

extent than usual. The global model, in fact, has an 

equilibrium temperature which is 200 degrees below 

normal. These figures reinforce the importance in 

the selection of initial conditions for any test 

system. 

~ , 3 . 6 . 2  Computational Time 

Results of the average 

computational times for the various systems are shown 

in Table 9. The global model has the lowest 

computational time as expected, with an average time 



of approximatley 1/8 that of the 37(13) aystem. 

Exccarive cooput8tional time of the partial 

equilibrium water u88 related to the relatively high 

reaction rrte conatants employed, the u8e of the 

M a n s  method rather than the Gear method8 and the 

precirion which was required to perform .partial 

equilibrium' calculations. 
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C o n c l u 8 i o n i  Md Recommendations 

Pa.. 4 1 S r a r y  

I 

A data  bait,  i n  the r a n g e s  of i n i t i a l  

t e m p e r a t u r e  between 85O'A and 1200'K, pressure 

between 0.5 8nd 1.00 atmorpheres and e q u i v a l e n c e  

ratio between 0.5 and 1.5, was established w i t h  t h e  

37(13) 8ys tem s e r v i n g  8s the basis. Due t o  the large 

amount of da ta  produced, it is n e c e s s a r y  to  c l a r i f y  

these results. F i r s t ,  these results are summari zea .  

Next ,  c o n c l u s i o n s  are enumerated.  F i n a l l y ,  

recommendations for f u t u r e  work are g iven .  

The f i r s t  part of t h e  work was s e l e c t i n g  a gooa 

t r i g g e r  species- I t  was concluded  t h a t  t h e  hydroxyl  

radical ,  OH, s e r v e s  as an  e f f e c t i v e  t r i gge r .  The 

v a l u e  of t h e  mass f r a c t i o n  of 08 a t  i g n i t i o n  can be 

estimated i n  the ranges  s t u d i e d  w i t h i n  a factor of 

2.5 ( g e n e r a l l y  well w i t h i n )  a c c o r d i n g  to  e q u a t i o n  

32. 

Next t h e  8(7) rys t em was s tudied  i n  the 

. i g n i t i o n "  and Dcombustionn modes together and t h e n  

i n  the gcombustionm mode a l o n e .  I t  was concludea 

t h a t  a t r a n s i t i o n  takes place between an  i n i t i a l  

t e m p e r a t u r e  of 900.K and 1000'K ( a t  a pressure of one 

atmosphere and a n  e q u i v a l e n c e  r a t io  of 0.5) where t h e  

i g n i t i o n  d e l a y  time of the 8 ( 7 )  8ystem witches from 

le88 t h a n  t o  

. .. _ _  . 
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greater than the 37(13) 8y8tem. It was further 

concluded that at an equivalence ratio of 0.5, 

pressure of 1.0 8tmosphere and initial temperature of 

970230.K the 8 ( 7 )  8y8teQ can approximate the 

temperature-tine profiles of the 37(13) system in 

both the ignition and colabU8t.iaI modes. It is 

recommended that future work include the 

investigation of conditions where the 8(7) system can 

describe the 37(13) system in both modes. 

In the combustion mode alone, the 8(7) system 

reproduces the temperature-time profiles very well 

for all cases studied. The variables which were 

major factors in the accuracy of these profiles were 

the temperatures and species' concentrations used at 

ignition. If the temperature used was less than, but 

close to, the classical ignition temperature, then 

the profiles were very accurate. If, however, the 

temperature used was greater than the classical 

ignition temperatures, then the B ( 7 )  system lagged 

behind the 37(13) system somewhat. Future work, 

should include the investigation of this phenomenon . 
Next, the global model was studied in the 

combustion node. Preexponential factors were 

determined with a rather large discrepancy between 

reEults for an equivalence ratio less than or greater 

than one. For all C~ICI, the global d e l  lags 

07 



behind the 37(13) sy8t.r initially then exceeds it at 

equilibriun. hso variable8 had &n effect on the 

accuracy of thi8 rodel. ?ir8t8 the oonditions used 

at ignition had a rub8tantial effect on accuracy 

again. A lag was produced by usihg a temperature 

greater than the clarrical ignition temperature. 

Seconbly, as the initial temperature increases the 

accuracy of the global rodel decreases. 

Finally, an approximation to the "partial 

equilibrium" assumption was tried. Numerical 

difficulties arose in the execution of this approxi- 

mation. Nonetheless, it was concluded that at low 

temperatures and low equivalence ratios the approach 

to approximating the partial equilibrium assumption 

is valid. No conclusions could be drawn about the 

'partial equilibrium" assumption itself. 

Results for the various systems show 

the global model to have the lowest average 

computational time followed by the 8(7) system, the 

37(13) system, and the .partial equilibrium" model. 

The two-step global model has a computational time of 

approximatley 1/8 that of the 37( 13) system. 

~ , . 4 . 2  Conclusions 

The following conclusions can be drawn based on 

the rc8ults of this rtudy: 
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( 3 )  

( 4 )  

( 5 )  

The hydroxyl radical, oi# mervas as an 
effective trigger apecias. 

A ttanrition takes place between POO'K and 
1OOO'K (at a pressure of 1 atmosphere and 
an equivalence ratio of 0.5) where the 
ignition delay tire of the 817) system 
switches from less than to greater than the 
37(13) system. 

At a pressure of one atmosphere, an 
equivalence ratio of 0.5 and an initial 
temperature of 970230.K the 8(7) system can 
accurately approximate the temperature- 
time profile of the 37(13) system in both 
the ignition and combustion modes. 

For all cases8 the 8(7) system describes 
the 37(13) system very well in the 
combustion mode. 

A lag i6 produced in the 8(7) and global 
models when using ignition temperatures 
greater than the classical ignition 
temperature. 

The global rode1 satisfactorily reproduces 
the temperature-time profiles of the 3 7 ( 1 3 )  

system with a minimum of computational time 
and computer storage requirements. 

As the initial temperature increases, the 
accuracy of the global model decreases. 

No conclusions can be drawn concerning the 
*partial equilibrium" assumption. 

The approach to approximating the *partial 
equilibrium. assumption has a narrow region 
of validity; namely8 low initial 
temperatures and low equivalence rat ios. 
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(10) The global model can approximate the 37(13 )  

system w i t h  an average of 1/8 the 
computational tire. 

1i.4.3 Recormendat ions 

Based on the results of this study, the 

following recornendations are made for future work: 

( 1  1 Investigate conditions where the 8 ( 7 )  

system can accurately describe both the 
ignition and combustion processes. 

(2) Study the effects of varying ignition 
conditions; namely, above and below the 
classicial ignition temperature. This will 

conditions and the lag of the system. 
shnw the  rolrt ienahip btvrson ipit icx 

(3) Continue to investigate the two-step glooal 
model as it seems to have the most promise 
in reproducing temperature-time profiles 
with a minimum of computational time. 

( 4 )  Incorporate the algebraic laws of mass 
action into the computer program to more 
precisely determine the validity of the 
"partial equilibrium" assumption. 



Table 1 - 37(13) System 

REACTION 
NUMBER 

1 
2 
I 
4 
5 
6 
7 
0 
9 
10 
11 
12 
13 
14 
15 
16 
17 

* 18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

n 
n 
n 

1*E 
?I 
n 
n 
n 

If0 
l*E2O 
l*E2 
1*02 
1*A2 
l*H2 
l*H 
l*H2 
1 *H 
1*E20 
1*0 
l*OH 
l*H2 
l*H02 
1*8202 
l*EO2 
l*BO2 
l*HO2 
1*0 
1*03 
1*03 
l*03 
If0 
1 *H 
1*0 
l*NO2 
l*NO2 
1*E02 
1*03 

+ 
+ + 
+ 
+ + 
+ 
+ + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

1*02 
l*H2 
1*E20 
1.02 
l*NO2 
1*NO 
l*H202 
le03 
l*H 
1*0 
1*OH 
l*H 
1*0 
lfO2 
l*EO2 
1*02 
1*H02 
If0 
l*E02 
1*E02 
1*E02 
l*H2 
1*H 
l*OH 
1*E20 
1*H02 
1*03 
l*NO 
l*H 
1*OH 
1*N2 
l*NO 
1*NO 
l*H 
If0 
1*NO 
1Q02 

= 1.0 - l*H 
= l*H - 1*H02 
= l*NO 
= l*N 
= 1*OH 
= l*02 - l*OH 
= 1.08 
= l*H20 
= 1*OH 
= l*OH - 1*OH 
= 1*H2 
= 1*H20 
= 1*OH 
= l*H 
= l*OH 
= 1*02 
= l*H20 
= 1" 
= 1*OH 
= 1*0 
= l*OH 
= 1*H202 
= 1*02 - 1*NO2 
= 1*08 - 1*02 
= l*NO 
= l*OH 
= l*02 
= 1*NO 
= l*NO 
= 1*20 
= 2*02 

N2 is an inert species 

+ 
+ + + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

1*0 
lfn 
l*OH 

n 
1*0 
1*0 
l*on 
1*o 

M 
l * O n  
l*ti 
1'0 
l * H  
l*oH 
1*02  
1*0 
1*0d 
l*HOi 
1 * 0 2  
l*H2O 
1 * 0 A  
1*h202  
l't320 
l*H;LOZ 
l*d202 
1*02 
1 * 0 2  
I f 0 2  
1 * 0 2  

l * N  
l * N  
l * N  
l*OH 
l*OL 
l * O H  
1*Od 

l * n o 2  



REACTION 

1 
2 
3 
4 
5 
6 
7 
8 

*' " B E R  
a 

n 
w 
M 
NO 
H20 
H2 
02 
H2 

~~ 

TABLE 2 - 8(7) SYSTEM 

02 
H2 
H20 
H 
0 
OH 
H 
0 

REACTION 

t 0 
R H 
R H 
t OH 
t OH 
= H20 
= OH 

OH 

O+M 
H+K 

OH+K 
M 

H 

H 

0 
H 

N2 i s  an inert species 
t 



TABLE 3 - 2 STEP GIX)BAL m D E L  

kf4 

kf5 
H2 + 0 2  - 2*OH 

2*OH + H2 + 2*H20 

N2 i s  an inert species 

93 



CASES 

1 
* z  
! 3  
' 4  

5 
! 6  

7 
0 

!* 9 
10 

'11 
!12 
!13 
14 

*!15 
16 
I? 

*18 
19 

YO 
21 
!22 
q 3  

* 24 
!25 
26 
27 

q 8  
!29 
30 
31  
32 
33 
34 
35 

9 6  
37 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
1.0 
~n 
A. u 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
1.5 
1.5 
1.5 

1.5 
1.5 

15 C U E S  
P I  a- 

0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
n i t  u. I -i 

1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 

1.0 
0.5 

Tr 

850 
850 
850 
900 
900 
900 
1000 
1000 
1000 
1100 
1100 
1100 
1200 
1200 
1200 
850 
e r n  
U J V  

850 
900 
900 
900 
1000 
1000 
1000 
1100 
1100 
1100 
1200 
1200 
1200 
850 
850 
850 
900 
900 

900 
1000 



TABLE 4 (Cont.) 

CASES 
.. 38 
*39 
40 

*41 
42 

+43 
44 
45 

. 

0 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

P, 
0.75 
1.0 
0.5 
0.75 
1.0 
0.5 
0.75 
1.0 

1, 
1000 
1000 
1100 
1100 
1100 
1200 
1200 
1200 



-. 
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CASE - 
2 
4 

a 5  
6 
7 
0 
9 

-11 
13 
15 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 8 

31 
32 
34 
35 
36 
37 

. 38.- 
39 
40 
41 
42 
43 
45 

TAB= S 

fis 
918 
961 
960 
974 
1045 
1063 
1024 
1160 
1260 
1260 
93 5 
97 0 
985 
966 
1027 
1012 
1039 
1170 
1117 
1170 
1275 
1275 

- .  - 1270 
926 
092 
934 
968 
954 
1012 
1024 
1062 
1160 
1163 
1160 
1275 
1303 

. .. 

~ - 37(13) DATA 

f59 

0.48EO 
0.80E-3 
0.13E-2 
0.11E-1 
0.21E-3 
0.15E-3 
0.12E-3 
0.69E-4 
0.60E-4 
0.29E-4 
0.46EO 
0.76E-3 
0.12E-2 
0.48E-2 
0.20E-3 
0.14E-3 
0.12E-3 
0.10E-3 
0.60E-4 
0.45E-4 
0.55E-4 
0.38E-4 
0.36E-4 
0.11E-1 
0.27EO 
0.80E-3 
0.llE-2 
0.35E-2 
0.20E-3 
0.15E-3 
0.13E-3 
0.10E-3 
0.70E-4 
0.45E-4 
0.59E-4 
O.30E-4 

9G 

j g  

0.66E-4 
0.lOE-3 
0.13E-3 
0.16E-3 
0.51E-3 
0.60E-3 
0.15E-3 
0.90E-3 
0.34E-2 
0.22E-2 
0.19E-3 
0.40E-3 
0.19E-3 
0.10E-3 
0.20E-3 
0.llE-3 
0.19E-3 
0.16E-3 
0.27E-3 
0.90E-3 
0.30E-2 
0.30E-2 
0.30E-2 
0.80E-4 
0.17E-4 
0.57E-4 
0.llE-3 
0.61E-4 
0.67E-4 
0.11E-3 
0.28E-3 
0.91E-3 
0.91E-3 
0.90E-3 
0.17E-2 
0.29E-2 
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TABLE 6 - TRIGGER 8PLCCfES V8. TIUE 
L. 

TIME' - 
. o  
0.1E-5 

0.2E-4 

0.3E-4 

0.4E-4 

0.6E-4 

0.7E-4 

0.8E-4 

0.9E-4 

0.1E-3 

- 'OH 

0 

n . m ~ - g  

0.38E-8 

0.81E-8 

0.17E-7 

Q.75E-7 

0.16E-6 

0.35E-6 

0.82E-6 

0.21E-5 

0.12E-3 0.15E-4 

*O. 14E-3 

0.2E-3 

0.3E-3 

O.4E-3 

0.5E-3 

b. 8E-3 
- - .  

0.llE-3 

0.15E-1 

0.19E-1 

0.19E-1 

0.18E-1 

0.17E-1 

i g n i t i o n  p o i n t  

.- 
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L 

850 

900 

1000 

1100 

1200 

~ ~~ 

TABLE 7 

CWARISON OF IGNITION TIMES FOR 37(13) AND 8(7) SYSTEMS 

37(13) Tia (sec) 

6.7 x 10’’ 

1.1 x lo-* 

1.3 loo4 

0.5 loo4 

0.3 loo4 

I 

1.1 

6.6 x 10.‘ 

2.6 x 

1.5 x lo-‘ 

0.7 



TABLE e 

CASE 

2 

4 

9 

11 

15 

18 

20 

23 

25 

28 

31 

36 

39 

41 

, 43 

PREEXPONENTIAL ?ACTORS ?OR GXDBAL MODEL . 

3.8E48 

3.8E48 

1 3.8E48 

3.8E48 

3.8E48 

1.2E48 

1.2E48 

1.2E48 

1.2E48 

1.2E48 

5.OE47 

5.OE47 

5.OE47 

5.OE47 

5.OE47 

4.1E65 

4.4E65 

2.3E65 

2.3E65 

1.1E65 

5.5E64 

9.OE64 

6.OE64 

9.OE64 

8.OE64 

6.3E64 

3.7E6S 

4.OE64 

4.6E64 

5.1E64 



37( 13) 

8. (7) 

61 obal 

Parti a1 

TABLE 9 

C O H P A R X ~  OF COUPUTATIONAL TIHES 

, 

87.5 

12.3 

11.4 

1258 
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